Recent observations of massive pulsars having masses of the order of two solar mass pose a new challenge for compact objects such as hybrid stars and quark stars. The equations of state (EoS) that are generally used give a lower value of the masses for hybrid and quark stars. Extensions of the bag model and the Nambu-Jona-Lasino model have been used to model these stars to get higher mass stars. In this work we show that a simple extension of the bag model, with a chemical potential dependent bag parameter can give us higher mass stars. Our model shows that an EoS having all three quarks u, d and s would lead to stable cores having a mass equivalent to two solar masses irrespective of whether the s quark is considered to be massive or not. In our model the maximum possible mass of the stable structures would be between two to three solar masses however for some parameters it is also possible to raise the masses to about four or five times the solar mass.
I. INTRODUCTION
Among the various hypothetical compact objects discussed in the literature, the quark star and the hybrid star hold a very important place, as they are objects capable of generating gravitational waves. The detection of gravitational waves by recent experiments raise the possibility of experimental determination of these special stars. Stable quark stars had been first predicted in ref. [1] ; this was followed by various other studies on quark stars [2] . The possibility of quark matter inside the cores of neutron stars has also been discussed [3] [4] [5] .
Recent observations of relatively massive pulsars like PSR J1614-2230 and PSRJ0348+0432, have further contributed to the challenges presented by these stars.
The Equation Of State (EoS) of these stars present a challenge in the current scientific scenario. The most commonly used EoS is the bag Model [6] [7] [8] [9] . Apart from the standard bag model there have been discussions in the literature of several extensions of the bag model [10] . Recent studies of hybrid stars have shown that it is possible to have stars with masses of the order of two solar masses and higher. The masses of these stars (PSR J1614-2230 and PSRJ0348+0432) [11, 12] can be successfully modeled in extensions of the bag model [13] . In these studies, the author had used a density dependent bag constant. Such density dependent bag parameter has also been used by other groups to study strange stars [14] . These higher mass limits are usually set by observations of pulsar glitches. Various modified bag constants have been used to understand the quark hadron phase transition in baryon dense environments. It has now been established that bulk strange matter can be stable [15] . They can be formed by the trapping of strange matter due to phase transitions in the early universe or by the slow burning of the core of the neutron star which gradually changes it to a quark star [16] . Thus strange bulk matter can exist as neutron stars, quark stars or as hybrid stars. Apart from these there have been discussions of a color flavor locked phase in the core of the neutron stars and strange neutron stars [17] . The Nambu
Jona Lasino model has also been used to show that the core of massive neutron stars may contain a region of quark hybrid mass [18] . All these models have been motivated by various observational data on the mass and radius of these stars.
There is also the question of the phase boundary between the confined and the deconfined phases. The nature of the quark hadron phase transition usually gives the kind of boundary between the two phases. It has been conjectured that an extended bag model with a temperature and baryon chemical potential dependent bag pressure can give an isentropic phase boundary between the two phases. Such modified bag models have been discussed in some detail in the literature [19, 20] . In this work we use the method introduced in ref. [19] by Leonidev et. al. to see whether such extension of the bag models can lead to stable strange bulk matter with mass and radius consistent with experimental observations. For this we need to know the pressure exerted by the object as it has to be balanced by the gravitational force that is there due to the large mass. The standard way of checking the stability is through the Tolman -Oppenheimer -Volkoff (TOV) equations. The partition function usually gives the energy density, pressure and number density of the quark gluon plasma. These are then substituted in the TOV equations. The TOV equations are routinely used to study the stability of strong gravitational objects like the neutron stars, the hybrid stars and the quark stars. The TOV equations corresponding to the EoS of the modified bag model are then solved numerically to obtain the mass radius ratio corresponding to various different chemical potentials at high temperatures as well as low temperatures. We find that the EoS leads to structures that are quite stable for a large range of chemical potentials at low temperatures. Not only do these models allow us to obtain stable structures with masses of the order of 2M 0 (where M 0 stands for solar mass), it is possible to obtain stable structures even upto an order of 5M 0 .
In section II we present the EoS of the extended bag model used for modelling the quark cores of the strange matter in more detail. We have divided this section into three subsections. In the first subsection, we discuss the bag model EoS with two massless flavors of quarks, the u and the d. In the second subsections, we discuss the EoS with three massless flavors of quarks, the u, d and the s. In the third subsection we discuss the EoS where the strange quark is taken to be massive compared to the other two quarks. In section III, we discuss the TOV equations and their numerical solutions, In section IV, we present the results and discuss the cosmological consequences of the modified bag model. Finally we present our conclusions in section V.
II. THE EXTENDED BAG MODEL
We first briefly discuss the extended bag model that we use in our calculations. The original MIT bag model was the first phenomenological model which successfully modeled the phase transition of the quark gluon plasma (QGP) state to the hadronic phase. The phase transition was a first order phase transition which led to inhomogeneous baryon densities in the plasma [1] . The equation of state consisted of a bag constant B which was actually the pressure difference between the two phases. Leonidov et. al [19] modified the bag model by changing the bag constant to a variable dependent on chemical potential µ and temperature T . Their model was consistent with the Gibbs equilibrium criteria for a phase transition.
The model also conserved baryon number and entropy at the phase boundary. Following Leonidev's approach others also modified the bag constant by making it dependent on the chemical potential and temperature [20] . The important thing that they maintained was the conservation of baryon number and entropy at the phase boundary. It is important that the EoS in the case of the quark star cores maintain these criteria as a quark star is nearly always covered by a thin crust of hadrons. We use their grand canonical partition function and calculate the number density and the pressure of these stars. For massless quarks, both two flavors (u and d) as well as three flavors (u, d and s), the energy density and pressure is given by,
Here N c and N f are the number of color and flavor degrees of freedom.
In our model, we consider the EoS in the limit of high baryon density. As was shown by Leonidov [19] , in this limit, the thermodynamical quantities can be written as the sum of two parts. One part gives the zero temperature contribution and the second part gives the finite temperature contribution. When we consider the s quark to be massive, these contributions change significantly. Hence in the next subsections, we will first consider the quarks to be massless and obtain the mass and radius relations for the two flavor and the three flavor cases. Then we will consider the strange quark to be massive and obtain the mass and radius relations for that case separately.
A. Case 1: Two massless flavors (u and d)
The general way to construct the EoS is to describe the EoS in each of the two phases and then perform the Maxwell construction to join the two phases along their common boundary. We follow Leonidov's approach in modifying the bag constant. This means that at the phase boundary the following equation must hold,
Here the suffix "q" denotes the thermodynamical variables in the quark phase, while the suffix "H" denotes the same variables in the hadronic phase. The modified bag's constant in our case is the following,
where θ H = (µ 2 − m 2 H ) 1/2 and µ = 3µ q and m H is hadron mass. For obtaining the stability of the cores, we need to solve the TOV equations using the pressure obtained from our EoS.
So we use the changed EoS to obtain the pressure, which turns out to be,
Unlike Leonidiv et. al. where it was assumed that the number densities of the three quark flavors are the same resulting in µ u = µ d = µ s , in our case we prefer to keep them separate as later on we will consider the s quark to be massive in which case the µ s and µ u will become variable parameters.
B. Case 2: Three massless flavors (u, d and s)
In the case of the stars with three massless flavors of quarks, the only change in the expressions for the bag constant and the pressure come from the fact that the number of flavors have been increased to three. As of now the assumption of µ u = µ d = µ s holds as all the flavors are considered to be massless. The bag parameter becomes,
and the corresponding pressure equation is given by,
Here B 0 is the bag parameter at T = 0.
C. Case 3: Massless u,d and massive s quarks
If we consider the s quark to be massive then we cannot have µ u = µ d = µ s . So it is important to consider the first order correction terms to the temperature and the entropy.
Strange matter is modelled as a Fermi gas of up, down, and strange quarks. The system is neutralized by the electrons. Weak interactions will then lead to µ s = µ d ≡ µ and µ u +µ e = µ [21] . This means that effectively we are dealing with only two chemical potentials µ u and µ s . At high baryon densities and low temperatures ∂B ∂T dominates over ∂B ∂µ , based on that at the phase boundary one can obtain the bag constant as,
Here θ s = (µ 2 s − m 2 s ) 1/2 . Once the bag constant is obtained the energy density and the pressure can be expressed as,
Here P 0 s is the pressure at zero temperature and P 1 s is the first order correction to the pressure at finite temperature. They are given by [19] ,
Since these are massive objects, gravitation plays an important role in establishing the stability of these stars. The macroscopic quantities of mass and radius are thus calculated using the Tolman -Oppenheimer -Volkoff equations [22] .In the next sections, we briefly describe these equations and their solutions.
III. THE TOLMAN -OPPENHEIMER -VOLKOFF EQUATIONS
We consider the TOV equations for a spherical and isotropic metric. We assume that the core of the quark star has a uniform density in all the directions. The TOV equations are then given by,
and
where the mass density ρ(r) = ǫ(r) c 2 and c cm/sec is the speed of light and ǫ(r) is the energy density of the plasma in MeV. The TOV equations are solved numerically with appropriate boundary conditions to obtain the mass distribution of the cores. The solution also gives us the gravitationally allowed values of the mass and radius of the cores. We solve the TOV equations numerically for the high baryon density regime. We find that stable cores are possible for various values of the bag constant. Detailed results and graphs are shown in the next section.
IV. RESULTS

A. Mass-radius ratios with two massless flavors (u and d)
We solve the TOV equations with the pressure obtained from the EoS corresponding to two massless flavors of quarks. As mentioned before, the TOV equations are differential equations which require initial conditions to be fixed. One of the initial conditions is the central density which contributes to the pressure at the center. This is denoted by ρ c . We have done a systematic study of the various parameters in our model to find out the possible mass and radius of the cores that are stable. The parameters are T , the bag parameter B 0 , the chemical potential of the quarks µ q and the initial central density ρ c . We mention here, In the case of larger chemical potentials however we find that the curve is flatter and for values of chemical potential of 350 MeV, the M/R value hardly changes with temperature. In the case of the three massless flavors of quarks we again vary the various parameters and do a systematic search to put constraints on the various parameters of the model. This is where we use the EoS that we have developed following Leonidev et. al. [19] . In their model there was no strange quark, however we are working in a strangeness rich environment, hence we introduce the massless s quark in the EoS. For the massless s quark, the equations remain the same except for the change in the number of flavors and the degrees of freedom.
As we have seen in the case of the two massless flavors, the chemical potential plays an Finally, we plot the M vs R plots for varying bag constant (in fig 11) and for varying temperature values (in fig 12) . We have checked that varying the chemical potential does not bring about a significant change. As can be seen from the graphs we do get large mass stars with large radii for lower bag constants and lower temperatures.
Hence from the two previous analysis we can conclude that the strange quark does help to generate larger stable core masses in hybrid stars. The strange quark has been taken as Not only do we vary the chemical potential of the s quark, we also make the same plots by varying the chemical potential of the u quark. We find that the chemical potential of the u quark does not affect the M/R ratio at all and it remains the same for the range of In conclusion, we have looked at bulk strange matter using a bag constant which is dependent on chemical potential and temperature. This method had originally been shown by Leonidiv et. al. however, they had studied the phase transition dynamics of bulk quark matter with two massless flavors of quarks. In this work we have extended their model to include a massive strange quark. We have done a systematic study of the parameters of the model. We find that including the massless strange quark increases the mass limits of the cores of the stars. Our results show that if the bag constant of the three flavor state is limited between 150 to 210 MeV it is possible to have stars with masses of the 1.89 solar masses and 10.46 km radii. There are many observational instances of stars with these kind of parameters such as the XTE J1739-285 with a mass of 1.51 solar mass and 10.9 km radius [23] , the EXO 0748-676 with a mass of 2.1 solar masses and 13.8 km in radius [24] . The PSR J1614-2230 and PSR J0348-0432 have already been mentioned in the introduction. Thus we do find a large number of candidates with larger masses. We have found that in the massive strange quark case, it is the central density which limits the bag parameter. We have not considered the surface effects of this model in this work, we have studied the stability of the quark mass only in the bulk. Since we have been able to establish that it is possible to model masses of the order of and greater than two solar masses using extensions of the bag model with a massive s quark, we plan to study the surface effects in a later work.
